Introduction
Among many modalities, non-contrast computed tomography (NC-CT) remains a first-line diagnostic method for emergency assessment of acute stroke. [1] [2] [3] [4] However, the detection and delineation of ischemic lesions is limited and challenging in the NC-CT images. The method's variable diagnostic sensitivity to ischemic stroke is mainly connected to CT scanner type and generation, X-ray exposure parameters, [5] [6] [7] patients' medication, timing of NC-CT during stroke, 1, [8] [9] [10] [11] affected brain territory, experience of clinical reader 8, [10] [11] [12] [13] [14] [15] or higher contrast resolution of CT than distinguishable by the human eye. 6, 16 From 4096 shades of grey in Hounsfield Unit (HU) in a standard NC-CT scan, brain parenchyma occupies the range of 0-100 HU. As a result, differentiation of clear borders between the brain structures is impossible due to a low contrast between histologically similar tissues. Moreover, HU distribution of ischemic parenchyma overlaps the range occupied by cerebrospinal fluid (CSF) and white matter (WM). The density of stroke is usually similar to normal during hyperacute/acute stages, or decreases slightly as a result of an increase in relative water content of brain tissue. 17, 18 Hence, small and subtle hypoattenuation, observable only in a few voxels of the NC-CT scan, makes the differentiation of an early infarct mostly impossible for a human reader.
The majority of large infarcts become visible only within the 6th hour from ictus, and are mainly manifested by loss of distinction between neighbouring WM and grey matter, obscured lentiform nucleus or loss of insular ribbon in the region of visualized infarction. 11, [19] [20] [21] Subsequently, hyperacute ischemic infarct remains frequently missed in NC-CT in clinical conditions, 8, 9, 15 and only becomes evident in acute (up to 6 h) and subacute (2-14 days from ictus) stages with ongoing dynamical HU changes in time. The changes are usually described according to the '2-2-2' rule, counted from the time from onset of symptoms: the tissue becomes hypodense after 2 days, with the peak in the 2nd week and the shift of HU to the range of the CSF or water after 2 months. 22 Hence, understanding the image contrast of ischemic infarct (difference between HU densities of ischemic brain tissue vs. surrounding healthy parenchyma) in NC-CT is fundamental for precise scan interpretation and application of manual or automatic image segmentation -especially in the case of early infarcts.
Recently, a method for quantitative assessment of haemorrhagic stroke regions in NC-CT was presented. 23 The method is based on calculation of an absolute difference between the mean HU densities of n consecutive voxels belonging to haemorrhagic stroke and n consecutive voxels belonging to neighbouring parenchyma -image contrast. As a result, the image contrast was calculated for boundary voxels of 8205 haematoma contours in 289 NC-CT scans. The mean overall contrast was found as 23.9 HU; however, 15 HU was described as corresponding well to the hematoma boundaries set by the experts. Still, the delineation of ischemic infarcts is much more challenging in NC-CT. Herein, based on the method described by Nowinski et al., 23 we undertook a study to explore and quantitatively assess the image contrast properties of ischemic infarcts in NC-CT, in function of time from the ictus.
Materials and methods

Patients and scans
In the present study, we retrospectively investigated 519 serial anonymized NC-CT scans of 425 patients of Caucasian origin (predominantly Poles), with clinically confirmed ischemic strokes. The examinations were acquired between 6 December 2006 and 30 August 2013 by six different CT instruments in three university hospitals assigned as A, B, C (Poznan, Poland (hospital A); Krakow, Poland (hospital B); Rzeszow, Poland (hospital C); Table 1 ), and were subsequently visually assessed by an emergency radiologist and experienced stroke neuroradiologist. Of the patients, 56% were male and the patients' average AE standard deviation (SD) age was 67.5 AE 12.4 years (no age difference between the genders, p < 0.2; no age difference between the hospitals, p < 0.16; by means of one-way analysis of variance (ANOVA)). Ischemic tissue was visible, and its presence was confirmed in every NC-CT by two independent experts. No haemorrhages, significant motion, beam hardening or streaking artifacts and images of pathologies other than ischemia were present among all of the NC-CT scans. The present study received an approval of the Institutional Review Board of the Jagiellonian University in Krakow.
Delineation of ischemic stroke regions
The gold standard was set manually in all 519 NC-CT scans, by means of an in-house contouring tool. 24 Delineation of ischemic tissue was performed by RSG and verified by WLN. Subsequently, all of the scans and gold standard contours were reviewed in two stages: visual and quantitative. During the first stage, the delineated region was considered a hypodense area with HU approximately lower than the neighbouring parenchyma, visible in brain in ranges of the stroke window (30 HU centre, 30 HU width). Single-voxel regions following the borders of the skull or ventricular system were manually excluded from the contours in order to avoid significant partial volume artifacts. For further review and statistical analyses, the volume of infarct was obtained by multiplication of voxels count in the gold standard by the x-y-z voxel size in every NC-CT (Table 2, Figure 1 ). In the secondquantitative -stage, the presence of voxels below 0 HU (artifacts from air) and above 50 HU (extravascular blood, partial volume from the skull and/or calcifications) 23 was computationally verified in the gold 
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The Neuroradiology Journal 30 (1) standard of every scan. If the amount of calculated voxels below 0 HU and above 50 HU comprised less than 1% of the delineated lesion volume in the scan (negligible amount), the gold standard was accepted by the readers. Otherwise, the spatial coordinates of outlying voxels were calculated and the contours were subjected to manual exclusion of the outlying voxels. Although the manual procedure was time consuming, it was preferred over automatic 0-50 HU thresholding in order to create an accurate gold standard contours. The 1% condition was applied as some single or dispersed outlying voxels could not be removed from the gold standard, due to their presence in the middle of the lesion. Finally, the quantitative verification was performed again. As a result of the gold standard verification procedure, none of the examinations was excluded and the lesion contours underwent additional correction in only 36 NC-CT scans. The gold standard mask images were created in every respective scan, for further image contrast calculation.
Calculation of the image contrast at the boundary of ischemic lesion
The image contrast between the ischemic tissue and surrounding brain parenchyma was calculated at each single voxel of the delineated lesion boundary in horizontal and vertical directions separately (horizontal and vertical contrast), according to the method presented by Nowinski et al. 23 applied earlier to study properties of haemorrhagic regions in NC-CT images. The image contrast was obtained as an absolute difference of the mean HU of the consecutive n voxels to the left/top and the mean HU of the consecutive n voxels to the right/ bottom (for the horizontal/vertical contrast, respectively) from each boundary voxel (Supplementary Figure 1 ). The voxels belonging to the boundary were not included in the calculation. For statistical analysis, the vertical and horizontal image contrasts were separately combined into a single variable of the combined contrast. To assure that only voxels of the parenchyma and gold standard were included in the calculation, contrast was computed for the tissue neighbouring the infarction in the range of 20-50 HU. The lower limit referred to a maximal value of CSF manifestation, while the upper corresponded to the parenchyma affected by the partial volume from the skull, possible but not evident manifestations of secondary haemorrhage or contrast residuals from prior angiography. 23 The number of n neighbouring voxels taken into the calculation varied from 1-5 (the contrast window width), and the contrast at each boundary voxel was obtained only if the above criteria were fulfilled. Otherwise, the calculation was omitted for the respective boundary voxel. It is worth highlighting that in our initial research we applied contrast window widths of 1-9 voxels. However, widths higher than 5 resulted in inclusion of voxels adjacent to the skull with values close to 50 HU and -as not all of the calculation criteria were fulfilled -a significant drop in the amount of voxels of the gold standard contours, for which the image contrast was calculated.
Cumulative distribution of the image contrast at the boundary of ischemic lesion
The distributions of the horizontal, vertical and combined contrast values obtained with 1-5 contrast window widths were computed jointly for all 519 scans. The mean, median and SD values were calculated for all of the distributions and full widths at half of the maximum (FWHM) were obtained for the combined contrast distributions. Afterwards, the mean values of the horizontal, vertical and combined contrast distributions were computed in scans performed within (0,1), (1-3), (3,4.5), (4.5,6), (6, 8) , (8, 12) , (12, 24) , (24, 36) , (36,48), (48,72) hours from the ictus (distribution of the scans within the respective time spans is shown in Figure 2 ). Two-way ANOVA was applied to reveal significant differences between separately the means and medians of the horizontal, vertical and combined contrast distributions, and between the means of contrast distributions from scans referring to a different timing, in respect to the contrast widths. Post-hoc analysis was applied in search of specific differences among the mean values of the calculated distributions.
Correlations
The contrast window width, found to characterize the boundary of the infarct the most significantly among the analysed data, was subsequently used to calculate the average contrasts (horizontal, vertical and combined) in each of the 519 scans. Pearson's linear correlation coefficient was calculated between the patients' age, scan timing, and the average contrast values among scans. Results were considered significant if correlation exceeded 50% with p-significance value <0.05. All calculations and statistical analyses were performed by means of MATLAB Õ /2015a (Total Academic Headcount licence, Warsaw University of Technology).
Results
Patients and scans
Among all 425 patients included in the study, around 19% of them (n ¼ 82) underwent more than a single NC-CT. The average(median)AE(SD) time from the symptoms onset to NC-CT was 27.4(12.0)AE35.7 h (1-210 h). 65% of the scans were acquired within 24 h, 90.2% within 72 h and the remaining 9.8% from 74-210 h from the ictus (Figure 3 ). In the majority (54.6%, n ¼ 232) of cases the infarction appeared due to occlusion of the middle cerebral artery ( Table 2) . Characteristics of the six scanners and acquisition parameters are shown in Table 1 . The mean AE SD signal-to-noise ratio calculated within the window of 0-100HU was 2.44 AE 0.23 (1.76-3.06) among all of the 519 examinations. Data from the NC-CT scans from hospitals B and C were previously analysed by the authors and the results were partially published in the work by Gomolka et al. ('follow-up scans'). 25 
Cumulative distribution of the image contrast at the boundary of ischemic lesion
The contrasts were calculated in maximum from 744,000 to 848,438 boundary voxels (from 5 to 1 voxel widths, respectively) in all 519 NC-CTs (Figure 4 ). Two-way ANOVA revealed significant differences between the mean values of cumulative horizontal, vertical ( Figure 5 ) and combined contrast distributions, calculated within different voxels widths (Table 3(a) ). The differences were visible for both the contrast widths (F(4,8)¼21.99, p < 0.001) and type of contrasts calculation (F(2,8)¼9.504, p < 0.01). Posthoc analysis showed that for the combined contrast distributions, only the values obtained with 1 and 5 as well as with 2 and 5 voxels widths were significantly different (p < 0.01 and p < 0.05, respectively). The means of the horizontal contrast distributions were significantly different between the widths of 1 and 4, 1 and 5, 2 and 5, and 3 and 5 (p < 0.05, p < 0.01, p < 0.01 and p < 0.05, respectively). However, the means of the vertical contrasts did not differ in respect to the number of voxels taken into consideration. The smallest mean value was found for the distribution of the horizontal contrast calculated as an absolute difference between did not change in respect to the calculation width (Table 3(b) ). The FWHM of the combined contrast distributions was found to vary slightly between 7 HU and 8 HU in respect to the contrast width (Table 3(c)) .
Subsequently, approximately 40-50% of voxels belonging to the boundaries of ischemic lesions were found to refer to an image contrast below 5 HU. The contrast widths above 5 voxels were excluded from research as they resulted in erroneously high mean AE SD and median contrast values (see 'Materials and methods') along with an observable important decrease (>20%) in the number of gold standard boundary voxels involved, for at least one of the contrast types ( Figure 4 ).
Changes of ischemic lesion image contrast in time
Two-way ANOVA showed significant differences between the compared means of the cumulative horizontal, vertical and combined contrasts distributions calculated only with the 5 voxels window width, in respect to scans timing within (1-3), (3,4.5), (4.5,6), (6, 8) , (8, 12) , (12, 24) , (24, 36) , (36,48), (48,72) h from ictus. The differences were visible both due to the contrast type (F(2,18)¼76.96, p < 0.0001) and timing (F(9,18)¼6.424, p < 0.001). Post-hoc analysis showed significant differences in the mean values of contrast distributions between 4.5-6th and 1st hour from the onset of symptoms (p < 0.001).
Correlations
Following the findings, the contrast width n was nominally taken as 5. Pearson's linear correlation coefficients calculated between the average values of the horizontal, vertical or combined contrast distributions and scans timing, and patients' age did not achieve significance among 519 NC-CTs (R 2 < 0.05 for any of the comparisons).
Discussion
The present study shows the image contrast properties of ischemic stroke regions compared with surrounding healthy parenchyma in 519 clinical NC-CT brain scans of 425 patients. The contrast was calculated for every boundary voxel of the gold standard contours, by means of the method previously applied to haemorrhagic stroke regions. 23 The method is based on calculation of an absolute difference of the mean HU of n consecutive voxels (the contrast window width) belonging to the lesion and n to the brain parenchyma, in straight horizontal and vertical lines. Subsequently, the values of both horizontal and vertical contrasts were merged into a single variable of a combined contrast. The mean values for cumulative distributions of the image contrasts calculated within the 1-5 voxels windows varied from around 5.4 HU to 8.3 HU; however, the median values were found to be similar (5 HU) regardless of the calculation window width and the contrast type. The most efficient (significant) way of characterizing the contrast of the ischemic lesion boundary was described by the 8.28 HU, 6.60 HU and 7.55 HU mean values for the horizontal, vertical and both contrasts combined, calculated as a difference of 5 consecutive voxels belonging to the lesion and to the parenchyma among 519 NC-CT examinations (Table 3(a) ). In our preliminary research (not published), the widths higher than 5 voxels provided an erroneously high overestimation of the contrast values by inclusion of voxels adjacent to the skull with values close to 50 HU and a meaningful drop in the amount of voxels of the gold standard contours for which the contrast was calculated ( Figure 4 ). The 20% drop limit for at least one of the contrasts, which excluded widths higher than 5, also had importance, as small infarcts below 1 cm 3 were present in approximately 23% and below 10cm 3 in 47% of the NC-CT scans (Figure 1) . Moreover, the change in the initial threshold of 50 HU for neighbouring parenchyma would not compensate the effect presented above; a threshold higher than 50 HU would include voxels with a significant partial volume from bone structures, calcifications or unclear manifestations of haemorrhagic transformations; a threshold lower than 50 HU would reduce the amount of the gold standard boundary voxels included in the contrast calculation. A threshold of 50 HU was found to be optimal, on the basis of our preliminary research and available up-to-date reports. 23,26 Furthermore, the minimal FWHM of the combined contrasts distributions was achieved for the 5 voxels window width (7.2 HU). According to our results, ischemic infarct achieved the highest differentiability during the 4.5-6th hour from the ictus. Although the result sounds controversial, a lack of significance observed above 24 h might rather be caused by an uneven distribution of the scans in time (Figures 2, 3 ). Our data set consisted of a majority of cases with a single NC-CT, rather than multiple follow-up scans. Moreover, the influence of the scans above 72 h on the general statistics is negligible, as more than 90% of the NC-CT scans were obtained within 72 h from the ictus.
Our results indicate that more than 50% of the calculated image contrast values were above the acceptable bias for zero (water) calibration (AE4 HU) or bias for a linearity of the attenuation coefficient for tissue (AE5 HU). 27 Still, around 40% of voxels belonging to the infarct contours referred to the image contrast below 3 HU and approximately 40-50% to the image contrast below the level of noise in a standard NC-CT of 0.5 mm x-y dimension. For instance, the lowest density change during ischemic stroke was found between 1 HU and 2 HU in NC-CT, performed within the first 4 hours from the ictus. 28 At the same time, the use of the standard 80 HU-wide brain window would provide 20
The Neuroradiology Journal 30 (1) 4 HU or less contrast resolution distinguishable for a human reader, 26 and the noise determined in the scan of the head phantom was described at the level of 4.4 HU 29 or 2-3.5 HU in homogenous brain regions in high-quality clinical images. 17 We found the mean contrast of ischemic regions vs. surrounding parenchyma to be at least 2-3 times smaller than for haemorrhagic stroke (5.4-8.3 HU vs. 13.3-25.5 HU 23 ). During haemorrhage, blood in NC-CT is visible directly after extravasation and becomes denser during clot formation. 23 In ischemic stroke, HU alterations are usually much subtle and are caused by relative change in the water content of the brain tissue. Previous reports described the HU density as linearly changing overtime with a decrease of around À0.4 HU/h, 17 and a 1% increase in water content was reported to cause a density drop of 1.5 HU, 17 1.8 HU, 18 1.3-2.6HU 19 and 2-3 HU 30 within the first hours of stroke. In practice, such small change of only a few voxels in a NC-CT scan remains unnoticeable for a human reader. 8, 9 In case of large infarcts in the hyperacute phase (<1 h from onset of symptoms) an infarct differentiation would be additionally biased by the threshold for homogeneity visualization (AE8 HU). 27 Described in the present paper, the contrast calculation is similar to an application of a difference between two mean filters in any image. Analogical to smoothing filtration, a window of above 3 voxels would reduce a high-frequency or salt-and-pepper noise in the image. In NC-CT, such noise appears from streaking or partial volume artifacts. 6 Our results also indicate that, regardless of the possible differences in HU of the brain parenchyma visualized by different CT devices (different acquisition parameters, X-ray filtration, anatomical object thickness or image reconstruction properties applied), the 5 voxels window width would potentially reduce the influence of deviations from linear attenuation coefficients between scanners on the image contrast calculation. 16, 27, 31, 32 Therefore, the 5 voxels width window was found to be the widest possible for practical usage. By means of such window, the contrast of ischemic stroke boundary was found to achieve the point of highest differentiability. An improvement of visual infarct identification was shown by application of specific HU windows 33 or by algorithms enhancing the visibility of stroke by means of, for example, wavelet transform. 34 In practice, an acute stroke lesion partially or fully overlaps HU distributions of neighbouring normal or pathological regions, 26 so its delineation based only on HU density or histogram methods is impossible. Moreover, taking into account the above-mentioned subtle HU changes during stroke, image noise and visual perception issues, 16, 35 precise automatic and manual delineation of voxels with an absolute contrast below 4 HU cannot be performed without the presence of neighbouring voxels of higher contrast.
